Not all members of the order Carnivora are carnivorous. Some are omnivorous, and a few, such as the giant panda, Ailuropoda melanoleuca, are almost exclusively herbivorous. Although a number of adaptations to increased plant-eating are recognized within Carnivora, few have been studied at the molecular level. One molecular adaptation to diet that is spread widely across Mammalia is the differential intracellular targeting of the intermediary metabolic enzyme alanine:glyoxylate aminotransferase (AGT), which tends to be mitochondrial in carnivores, peroxisomal in herbivores, and both mitochondrial and peroxisomal in omnivores. In the present study, we have analyzed the targeting of AGT in Carnivora in relation to species' natural diets. We show not only that there has been an adaptive shift in AGT targeting from the mitochondrion toward the peroxisome as diets have shifted from being mainly carnivorous to ones that are more omnivorous and herbivorous but also that in one lineage, namely that of the giant panda, there is evidence for positive selection pressure at the molecular level on the AGT mitochondrial targeting sequence to decrease its efficiency, thereby allowing more AGT to be targeted to the peroxisomes.
Introduction
The subcellular distribution of the intermediary metabolic enzyme alanine:glyoxylate aminotransferase (AGT) has changed on numerous occasions during the evolution of mammals, apparently under the influence of dietary selection pressure. There is a tendency for AGT to be mitochondrial in carnivores (including insectivores), peroxisomal in herbivores, and both mitochondrial and peroxisomal in omnivores . AGT catalyses the detoxification of the intermediary metabolite glyoxylate to glycine, preventing it from being oxidized to oxalate. Too much oxalate can be life threatening because its calcium salt is poorly soluble and readily crystallizes out in the kidney and urinary tract, causing blockages and organ failure (Danpure and Smith 1996) . For glyoxylate detoxification to be efficient, AGT must be concentrated at the site of glyoxylate synthesis. This is likely to be different in carnivores and herbivores because the main dietary precursor of glyoxylate in herbivores is thought to be glycolate, which is metabolized to glyoxylate in the peroxisomes (Noguchi 1987) , whereas in carnivores it is more likely to be hydroxyproline that is converted to glyoxylate in the mitochondria (Takayama et al. 2003) . The best evidence that the correct subcellular distribution of AGT is important in at least some species comes from the potentially lethal human hereditary kidney stone disease primary hyperoxaluria type 1 (PH1) (Danpure 2001) . Although in most normal humans AGT is peroxisomal, in many PH1 patients AGT is mistargeted to the mitochondria (Danpure et al. 1989) . Mistargeted AGT remains catalytically active but is unable to fulfill its metabolic role of glyoxylate detoxification efficiently. As a result, oxalate synthesis increases and calcium oxalate crystallizes out, usually as stones, in the kidney and urinary tract.
The single-copy AGT gene has the potential to encode a cleavable N-terminal mitochondrial targeting sequence (MTS) and a C-terminal type 1 peroxisomal targeting sequence (PTS1) by the variable use of two transcription and two translation initiation sites (see figure 3A ) (Oda, Funai, and Ichiyama 1990; Oatey, Lumb, and Danpure 1996; Danpure 1997 ). In many species in which AGT is entirely peroxisomal (e.g., human, rabbit, and guinea pig) translation start site 1 has been lost during evolution (Takada et al. 1990; Purdue, Lumb, and Danpure 1992; Birdsey and Danpure 1998) , whereas AGT in the cat is almost entirely mitochondrial because of absence of the second transcription start site (Lumb, Purdue, and Danpure 1994) . Species that retain both translation and transcription start sites, such as the rat (Oda, Funai, and Ichiyama 1990) and the marmoset (Purdue, Lumb, and Danpure 1992) , retain the potential to target AGT to both organelles. The final intracellular destination of AGT is dependent on the expression of the MTS rather than that of the PTS1, with the former being functionally dominant over the latter (Oatey, Lumb, and Danpure 1996) . Thus, a decrease in mitochondrial targeting can lead to an increase in peroxisomal targeting.
The only group of mammals in which the evolutionary biology, as opposed to the cell or molecular biology, of AGT targeting has been studied in detail is the Anthropoidea suborder of Primates. Analysis of seven Catarrhini and six Platyrrhini suggested that there was negative selection pressure to conserve the functioning of the MTS in their early evolutionary history but positive selection pressure to diminish or abolish its function in many later branches (Holbrook et al. 2000) . Despite the fact that the diets of many extant Primates are not particularly extreme or specialized, most being opportunistic omnivores, the changes to the MTS could be related to a general evolutionary trend of increasing body size and adaptation to diets that were less carnivorous/insectivorous to ones that were more frugivorous and folivorous.
Unlike Primates, extreme differences in diet can be found in other mammalian orders such as Carnivora.
Although most members of the Carnivora are carnivorous, some are omnivorous, and a few, such as the giant panda, are almost entirely herbivorous (Nowak 1991) . In the present study, we have investigated whether the evolution of plant-eating in the Carnivora has been accompanied by specific changes to AGT targeting similar to those found in Primates, and whether any changes have resulted from positive evolutionary selection pressure at the molecular level. We have determined the subcellular distribution of AGT in 23 members of Carnivora and analyzed the 59 region of the AGT gene (including both translation start sites and the region encoding the MTS) in seven members with carnivorous, omnivorous, and herbivorous diets.
Materials and Methods Animals
The following members of Carnivora were investigated or discussed in this study: polecat ferret (Mustela putorius furo), oriental small-clawed otter (Amblonyx cinereus), Chinese ferret badger (Melogale moschata), hog badger (Arctonyx collaris), domestic dog (Canis familiaris), African hunting dog (Lycaon pictus), raccoon dog (Nyctereutes procyonoides), domestic cat (Felis catus), ocelot (Felis pardalis), clouded leopard (Neofelis nebulosa), Persian leopard (Panthera pardus saxicolor), Asiatic lion (Panthera leo persica), Sumatran tiger (Panthera tigris sumatrae), small-toothed palm civet (Arctogalidia trivirgata), slender-tailed meerkat (Suricata suricatta), binturong (Arctictis binturong), blotched genet (Genetta tigrina), mongoose (Herpestes urva), brown bear (Ursus arctos), giant panda (Ailuropoda melanoleuca), sloth bear (Melursus ursinus), raccoon (Procyon lotor), coati (Nasua narica), red panda (Ailurus fulgens), California sea lion (Zalophus californianus), and grey seal (Halichoerus grypus).
Frozen blood samples for DNA extraction were obtained from the Zoobank in the Institute of Zoology, London, UK. Liver samples for immunoelectron microscopy were obtained from the pathology tissue archive, Zoological Society of London. Additional samples of giant panda liver were kindly provided by Richard Montali, National Zoological Park, Washington D.C. Samples of tissue were taken at routine necroscopy of animals that had been found dead or from animals shortly after they had been euthanased on humane grounds.
Immunoelectron Microscopy
Analysis of the intracellular compartmentalization of immunoreactive AGT was determined by immunoelectron microscopy (Cooper et al. 1988; Danpure et al. 1989) . In many instances, fresh glutaraldehyde-fixed liver was not available. On these occasions, we made use of the Institute of Zoology's extensive archived collection of formalinfixed wax-embedded liver samples, which were reprocessed as described previously (Lewin et al. 1995) . Liver sections were either immunolabelled singly for AGT using 10 nm gold conjugated goat anti-rabbit IgG, or doubleimmunolabelled for AGT (10 nm gold) followed by the peroxisomal marker catalase (20 nm gold) or the mitochondrial marker (organelle-specific mitochondrial antigens prepared from homogenized purified rat liver mitochondria) (20 nm gold). As quantitative morphometry was not possible on inevitably scarce and non-ideally fixed specimens, we used the relative number of gold particles per organelle to categorize the distribution of AGT between mitochondria and peroxisomes. If the ratio of the gold labeling density per mitochondrion to that per peroxisome, in specimens singly immunolabeled for AGT, was greater than the arbitrarily chosen value of 10, then the AGT distribution was defined as mitochondrial. If the reverse pertained, then AGT was defined as being peroxisomal. Labeling ratios in between these two extremes led to the distribution being defined as mitochondrial þ peroxisomal.
Molecular Biology
To obtain species-specific AGT sequence, PCR amplification of genomic DNA from California sea lion, grey seal, brown bear, sloth bear, and giant panda was carried out using degenerate primers P1-CTSMTGYTD-GGBCCBGGHCCYTC and P2-CAGBGTGAGBGGGT-TCCTGGTCTGGAA that mapped to conserved regions of AGT exons 1 and 2, respectively. Rapid amplification of genomic ends (RAGE) was used to amplify 59-AGT genomic sequence containing both of the potential translation initiation sites, as described previously (Mizobuchi and Frohman 1993; Birdsey and Danpure 1998) . Briefly, genomic DNA from selected Carnivora was digested with either restriction enzyme BamHI, EcoRI, or HindIII (Promega). Plasmid pBluescript KSþ (Stratagene) was digested with the same enzymes and then dephosphorylated with calf intestinal alkaline phosphatase (Promega). Digested genomic DNA and plasmid DNA were ligated with T4 DNA ligase (Promega). PCR amplification was carried out using the AGT-specific primer P2 and a vector primer P3-GATGTGTGCAAGGCGATTAAGTTGGT. A second round of PCR amplification was performed using 0.1% of the first amplification products with a nested vector primer P4-CAGGGTTTCCCAGTCACGACGTTT and a nested AGT-specific primer P5-GGCCTACYG-GAACATCTCYTTGTG. The final RAGE products were gel purified and cloned into pGEM T-Easy vector (Promega), before sequencing.
To analyze the efficiency of mitochondrial import, various AGT N-terminal MTS-GFP fusions were constructed for expression studies in tissue culture cells. PCR was used to amplify the 59 region of the AGT gene flanking the MTS. PCR amplification was carried out on genomic DNA using the primer pairs P6-ACGTAAGCTTACAA-GGCCCCCTGGGAAATG and P7-ACGTGGATCCGG-CCCGCACCCCACCTACCAC (giant panda) and P6 and P8-ACGTGGATCCGGTCCGCACCCAACCTGCC (sloth bear) and carried out on cDNA clones using P9-ACGT-AAGCTTAGGCCAGCTGGGAAATGTTCC and P10-CGAGGATCCGGCCTGCCCACCGGCCAC (domestic cat [Lumb, Purdue, and Danpure 1994] ) and P11-ACGAA-GCTTAGCTCCGGGAATGTTCC and P12-CGAGGAT-CCGGCTCACCCACCTGCCGC (olive baboon [Holbrook et al. 2000] ). PCR products were gel purified and cloned into the HindIII /BamHI sites of pEGFP-N3 (Clontech).
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Cell Culture, Transfection, and Confocal Microscopy SV40-transformed monkey kidney cells (COS1a) were grown on glass coverslips in Dulbecco's modified Eagle's medium (Invitrogen), supplemented with 10% fetal calf serum at 378C under 5% CO 2 . Cells were transfected with the MTS-GFP fusion constructs using Superfect (Qiagen), according to the manufacturer's instructions. Two days after transfection, the cells were washed in phosphate-buffered saline and stained with the autofluorescent vital dye MitoTracker (Molecular Probes, Cambridge Bioscience). The cells were then fixed in freshly prepared 3% (w/v) paraformaldehyde for 15 min at room temperature, followed by permeabilization with 1% Triton X-100 for 15 min at room temperature. The cover slips were mounted onto glass slides in Mowiol (Harlow Chemical Co. Ltd) containing diazabicyclo[2,2,2]octane (DABCO, Sigma). The autofluorescent staining pattern of GFP and MitoTracker was visualized in a BioRad MRC1024 confocal laser-scanning microscope and the images were digitally recorded.
Data Analysis
Nucleotide sequences were aligned using ClustalW version 1.7 (Thompson, Higgins, and Gibson 1994) . Reconstruction of ancestral sequences was carried out by codon-based maximum-likelihood analysis using marginal reconstruction of ancestral sequences (Yang, Kumar, and Nei 1995) . Estimation of the d N /d S (x) among lineages was calculated by the maximum-likelihood method (Yang 1998 ) using the computer software package PAML version 3.13a (Yang 1997) . In all analyses, the codon frequencies were calculated from the average nucleotide frequencies (F1X4), and the transition/transversion rate ratio (kappa) was fixed at 1. Likelihood ratio tests were used to compare models, with the v 2 distribution used as an approximation. Computer prediction of the targeting efficiency of AGT MTSs was carried out using PSORT (Nakai and Horton 1999) .
Results
We determined the subcellular distribution of AGT using immunoelectron microscopy on liver sections from 20 species from the order Carnivora (figs. 1 and 2A). These results, together with those already known for the domestic cat, domestic dog, and polecat ferret , were compared with their natural diets ( fig. 2A and B) . Of the 13 species classified as mainly or entirely carnivorous, all but one (mongoose) had AGT mainly or exclusively in the mitochondria ( fig. 1A and B) . At the other extreme, all three mainly herbivorous species (coati, red panda, and giant panda) had AGT in both mitochondria and peroxisomes (figs. 1C, 1D, and 2A). In all but two of the eight species categorized as omnivorous, AGT was also both mitochondrial and peroxisomal. Although the distribution of AGT was invariant in some families, such as Canidae and Felidae (mitochondrial) and Procyonidae (mitochondrial and peroxisomal), in others, such as Mustelidae (mitochondrial or mitochondrial and peroxisomal), it was variable. Unlike many members of other orders , in no cases were any Carnivora found to have only peroxisomal AGT. Nevertheless, there was a clearly identifiable trend in which carnivorous Carnivora were more likely to have mitochondrial AGT, whereas omnivorous and herbivorous Carnivora were more likely to have both mitochondrial and peroxisomal AGT ( fig. 2B ).
To determine the molecular basis for the changes in AGT distribution in Carnivora, we analyzed the AGT gene from seven species: domestic cat (Felis catus), blotched genet (Genetta tigrina), California sea lion (Zalophus californianus), grey seal (Halichoerus grypus), brown bear (Ursus arctos), sloth bear (Melursus ursinus), and giant panda (Ailuropoda melanoleuca). Using genomic DNA as template, the 59 region of AGT was amplified by PCR and RAGE (Mizobuchi and Frohman 1993) (with the exception of the domestic cat, the cDNA of which had previously been cloned [Lumb, Purdue, and Danpure 1994] ). The amplified region included all the sequence from exon 1 and most or all of the 59 UTR (see fig. 3A ). Analysis of the sequences revealed the presence of both ancestral translation start sites (1 and 2 in figure 3A ) in all seven species, as predicted from the observation that at least some AGT is mitochondrial in all cases. An alignment ( fig. 3B ) of the 55-amino acid sequence encoded by exon 1 downstream of, and including, the second translation start site revealed a high degree of conservation with an 84% sequence identity across all seven species. In contrast, a similar analysis of the 22-amino acid sequence (19 amino acids in the sloth bear) with potential to encode the MTS (i.e., the region upstream of the second translation start site) showed only 50% amino acid identity. Such low conservation is unsurprising as MTSs are defined more by their three-dimensional structure (positively-charged amphiphilic a-helices [von Heijne 1986] ) than by any particular consensus sequence.
To determine the number of changes that have occurred to the MTS during the evolution of Carnivora and their temporal relationships, we used a codon-based maximum-likelihood analysis (Yang, Kumar, and Nei 1995) to reconstruct ancestral sequences ( fig. 4A ). The accuracy of the reconstruction was maximized by the inclusion of the N-terminal sequences of 24 additional mammals, including those from the Anthropoidea previously analyzed (Holbrook et al. 2000) and a variety of others, both published and unpublished (see legend to figure 4A for details). In the Carnivora, by far the most amino acid substitutions occurred in the most recent branch leading to the giant panda. A third (7/22) of the amino acids comprising the MTS had changed in this one branch. Many of the changes in the giant panda MTS are predicted to decrease the effectiveness of the MTS by decreasing its helix-forming potential and decreasing its positive charge. Other branches have far fewer or no amino acid changes and, with the exception of the sloth bear, are not predicted to have any influence on the effectiveness of the MTS. The sloth bear lineage is unusual in that there has been a loss of three adjacent amino acids, the consequences of which are less predictable. Analysis of the MTS region using the PSORT computer program (Nakai and Horton 1999) predicts that the MTS of the giant panda and the sloth bear should be very weak, whereas that of the blotched genet, domestic cat, brown bear, grey seal, and California sea lion should be strong ( fig. 6A) . Interestingly, the PSORT prediction of the reconstructed ancestral mammalian MTS ( fig. 4A ) suggested that it would have a lower mitochondrial targeting efficiency than the MTS of the ancestral Carnivora (1.09 compared to 1.49, respectively).
Ancestral reconstruction of exon 1 sequence downstream of the MTS in the Carnivora ( fig. 4B ) showed a very different picture to that found in the MTS region. Although several amino acid changes were identified in a number of branches, the most recent branch leading to the giant panda contained no changes at all, even though this region contained 55 amino acids (compared to 22 amino acids in the MTS region).
Amino acid changes in the MTS region could be neutral or an adaptive response to selection pressure to change AGT distribution. Using a maximum-likelihood method (Yang 1998) , we have determined the relative number of nonsynonymous differences per nonsynonymous site (d N ) compared with the number of synonymous differences per synonymous site (d S ) in the region with potential to encode a MTS and downstream of this region. The d N /d S ratio (x) provides a measure of the selection pressure acting on genes or parts of genes. Thus, d N /d S , 1 suggests that there has been negative selection pressure (i.e., pressure for conservation), d N /d S . 1 suggests that FIG. 1.-Dietary dependence of AGT distribution in the livers of Carnivora. Subcellular distribution of AGT was determined by immunoelectron microscopy in liver sections obtained from necroscopy specimens from (A) oriental small-clawed otter (carnivore), (B) blotched genet (carnivore), (C) red panda (herbivore-omnivore), and (D) giant panda (herbivore). In A, B, C, and D1, the specimens were singly labeled for AGT (10 nm gold). In D2, the specimen was doubly immunolabeled for AGT (10 nm gold) and the peroxisomal marker catalase (20 nm). In D3, the specimen was doubly immunolabeled for AGT (10 nm gold) and organelle-specific mitochondrial antigens (20 nm). M ¼ mitochondrion, P ¼ peroxisome. The number in brackets after M or P indicates the number of 10 nm gold particles located in the cross-sectional profile of that organelle (for comparative purposes only). 636 Birdsey et al. of this observation is unclear and may be caused by a threshold effect associated with the comparison of short sequences (see Holbrook et al. [2000] ).
To determine whether the d N /d S ratio in the lineage leading to the giant panda was significantly different (i.e., greater) than in other Carnivora lineages, the Carnivora data set was fitted to various models of sequence evolution. The models were compared by the likelihood ratio test using the v 2 approximation (Yang 1998) . The ''one-ratio'' model (which assumes the same ratio for all branches in the phylogeny) was compared with the ''two-ratio'' model (which assumes that the branch of interest has a d N /d S ratio that is different from the background ratio). The loglikelihood value from the two-ratio model is l 1 ¼ÿ191.89. The log-likelihood value obtained under the one-ratio model is l 0 ¼ÿ194.11. Twice the log-likelihood difference, 2Ál ¼ (l 1 ÿ l 0 ), can be compared with a v 2 distribution to test whether the two-ratio model fits the data significantly (Yang, Kumar, and Nei 1995) . The phylogenetic tree is based on that of Springer et al. (2003) and includes all mammalian species (31 in total) in which the N-terminal sequence of AGT is known. The branches are arbitrarily labeled 1 to 59. (A) MTS region; (B) exon 1 downstream of the MTS region. The ancestral node is indicated by the closed circle and the calculated ancestral sequence is indicated to the left of the tree. The amino acid substitutions are shown along each branch. The asterisk (*) in branch 34 (slow loris) in (A) indicates an insertion of R between residues 3 and 4. In addition to the seven members of Carnivora, the following species are also shown on the tree: brown big-eared bat (Plecotus auritus), domestic cow (Bos taurus), pigmy hippopotamus (Hexaprotodon liberiensis), harbor porpoise (Phocena phocoena), killer whale (Orcinus orca), Przewalski's horse (Equus caballus przewalskii), European rabbit (Oryctolagus cuniculus), guinea pig (Cavia porcellus), Norway rat (Rattus norvegicus), house mouse (Mus musculus), slow loris (Nycticebus coucang), white-handed gibbon (Hylobates lar), common gorilla (Gorilla gorilla), human (Homo sapiens), chimpanzee (Pan troglodytes), Diana monkey (Cercopithecus diana), olive baboon (Papio anubis), celebes macaque (Macaca nigra), squirrel monkey (Saimiri sciureus), Goeldi's monkey (Callimico goeldii), golden lion tamarin (Leontopithecus rosalia), common marmoset (Callithrix jacchus), white-faced saki monkey (Pithecia pithecia), and black spider monkey (Ateles paniscus). The N-terminal AGT sequences used in the PAML analysis were obtained from the following sources: cow (Takasuga et al. 2001) , rabbit (Purdue, Lumb, and Danpure 1992) , cat (Lumb, Purdue, and Danpure 1994) , guinea pig (Birdsey and Danpure 1998) , rat (Oda et al. 1987) , mouse (Li, Salido, and Shapiro 1999) , and Primates (Holbrook et al. 2000) . The remaining sequences were obtained from genomic DNA using the RAGE technique (see Materials and Methods). Accession numbers for the unpublished AGT sequences are listed as Supplementary Material. The Carnivora analyzed as part of the present study and the Anthropoidea analyzed previously by Holbrook et al. (2000) are boxed in gray. In (A), branches containing loss of translation start site 1 are dashed, to indicate that at some point along the branch, the MTS would have been excluded from the open reading frame.
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better than the one-ratio model. The test statistic 2Ál ¼ 4.44 has a P value of 0.035, which indicates that the d N /d S ratio for the MTS region in the branch leading to the giant panda is significantly greater than that found in other Carnivora branches of the tree.
To test whether the d N /d S ratio for the giant panda lineage (x 1 ) was significantly greater than 1, a likelihood ratio test was carried out on the Carnivora data set using the two-ratio model with and without x 1 fixed at 1. The log-likelihood value obtained when x 1 was estimated by maximum likelihood is l 1 ¼ ÿ191.89, compared with a value of l 0 ¼ ÿ192.66 when x 1 ¼ 1. The test statistic 2Ál ¼ 1.54 with P ¼ 0.215 indicates that the difference between the two models was not significant. Notwithstanding this latter result, which in itself is not incompatible with the existence of positive selection pressure (Yang 1998) , all the data taken together are compatible with the suggestion that, within Carnivora, there has been positive selection pressure to alter the MTS in the giant panda lineage. In constrast, evolution of this region in most other Carnivora lineages appears to have been subjected to negative selection pressure (i.e, pressure to maintain its function as a MTS). Although not part of the present study, it is interesting to note that analysis of the d N /d S ratio in a number of other mammalian lineages also show some branches with x greater than 1 ( fig. 5A ). This would be compatible with episodic adaptive evolution of the MTS of AGT across Mammalia, similar to that identified in primate lysozymes (Messier and Stewart 1997) . When the rest of exon 1 (i.e., downstream of the MTS) is compared in the different Carnivora species, a rather different picture emerges. In this region d N /d S , 1 in all branches in which d S 6 ¼ 0 ( fig. 5B ). Of particular note is the fact that the giant panda branch contains no nonsynonymous mutations, and only one synonymous mutation, in this region of 165 nucleotides (55 amino acids), whereas there were seven nonsynonymous changes in the MTS region of 66 nucleotides (22 amino acids) (see above).
Although the effectiveness of the MTSs of the giant panda and the sloth bear were predicted to be much less than those of the more-carnivorous species, such as the domestic cat and blotched genet, using the PSORT computer program ( fig. 6A ), a direct measurement of their strength was made using a mitochondrial-reporter protein import assay in tissue culture cells. Constructs containing the MTS from different species (domestic cat, sloth bear, and giant panda) were attached to the N-terminus of green fluorescent protein (GFP) and transiently expressed in COS1a tissue culture cells. The targeting of the fusion constructs was determined by confocal fluorescence microscopy ( fig. 6B-F) . GFP alone and GFP fused to the ''MTS'' of baboon (Papio anubis) AGT (Holbrook et al. 2000) , which has previously been shown not to target to mitochondria ) and which has no features of an MTS as determined by the PSORT program ( fig. 6A ), were used as negative controls. In the absence of any mitochondrial targeting, GFP and baboon MTS-GFP were diffusely distributed across the cytosol and nucleus, as is frequently found in nontargeted GFP constructs (Lumb, Drake, and Danpure 1999 ) (see also http://www. clontech.com/techinfo/faqs/LivingColors/general.shtml). In contrast, the MTS of domestic cat AGT was very efficient at targeting GFP, all of which appeared to be mitochondrial, as shown by the yellow colocalization of GFP with the mitochondrial marker MitoTracker and the absence of any GFP in the cytosol or nucleus ( fig. 6D) . However, the ability of the MTSs of sloth bear and giant panda to target GFP fusions to mitochondria was much less ( fig. 6E and F) . In both cases, although some mitochondrial localization of the fusion proteins was observed, most failed to target and was cytosolic and nuclear. These targeting studies are compatible with the predictions of the PSORT analysis, that the mutations that occur in the MTS of sloth bear and giant panda decrease its effectiveness. At least in the case of the giant panda, this finding is entirely compatible with the previous evidence Springer et al. (2003) using the PAML program (see Material and Methods) and drawn using the TREEVIEW program (Page 1996) . The branch lengths and the d N /d S ratios were calculated using the free-ratios model (Yang 1998) . The apparent loss of some branches results from the fact that in some cases For the purposes of this analysis, the R inserted between residues 3 and 4 in the slow loris MTS was removed and the alignment gap created by the deletion of residues F2, R3, and A4 in the sloth bear MTS was not taken into account. The results of the analysis of Anthropoidea are slightly, but not significantly, different from those obtained by Holbrook et al. (2000) . This is because of the inclusion in the current, but not the previous, analysis of translation start site 1 and the need to change some of the program parameters to optimize the analysis over many more species. ! presented in this paper that positive selection pressure for change has led to decreased mitochondrial targeting of AGT and, hence, its increased peroxisomal targeting.
Although the subcellular distribution of AGT in the sloth bear is currently unknown, the deletion of three amino acids from the MTS and the inefficient mitochondrial import of the sloth bear MTS-GFP fusion protein are suggestive of a similar AGT distribution to that seen in the giant panda (i.e., mitochondrial and peroxisomal). The extent to which this represents an adaptive response to the unusual seasonally herbivorous diet of the sloth bear (Nowak 1991; Joshi, Garshelis, and Smith 1997) remains to be determined.
Discussion
In the present study, we have extended our analyses of the adaptive evolution of AGT targeting in mammals under the influence of dietary selection pressure, by determining the subcellular distribution of AGT in the livers of Carnivora, the members of which have extremely divergent diets, ranging from absolute carnivory in lions and tigers to absolute herbivory in the giant panda. In addition, we have investigated the evolutionary changes to the structure and function of the region of AGT known to be responsible for its targeting to mitochondria (i.e., its Nterminus).
The results show that the distribution of AGT in Carnivora is related to diet, as it is in Mammalia as a whole, there being an adaptive shift in its distribution from mitochondria to peroxisomes as diets change from being more carnivorous to more herbivorous. Thus, in the most carnivorous species, AGT is more likely to be entirely or mainly mitochondrial, whereas in most omnivorous or herbivorous species, AGT is more likely to be spread more evenly between both mitochondria and peroxisomes. Although, unlike many other mammals, no members of Carnivora had exclusively peroxisomal AGT, the greatest proportion of peroxisomal AGT was found in the most herbivorous member of the order, the giant panda.
The results also show that the shift in AGT targeting away from the mitochondria and toward the peroxisomes in the giant panda is related to the accumulation of nonsynonymous mutations in the MTS that decrease its efficiency compared with that in carnivorous Carnivora. In addition, evidence is presented that the MTS in the most recent lineage leading to the giant panda has been subjected to positive selection pressure to change (i.e., to decrease its efficiency), thereby allowing more AGT to be targeted to the peroxisomes. This could have been a defining moment in the evolution of the most herbivorous member of the order, enabling the giant panda to detoxify glyoxylate derived from plant-based oxalate precursors, such as glycolate, with greater efficiency at the expense of a lower efficiency for the detoxification of glyoxylate derived from meat-based precursors, such as hydroxyproline.
AGT distribution has changed on numerous occasions during the evolution of mammals (see Introduction), but only in the case of Primates has it been suggested to be the result of positive selection pressure (Holbrook et al. 2000) . Where a temporal trend can be discerned, the change in AGT distribution in mammals is manifested by an increase in peroxisomal AGT at the expense of mitochondrial AGT. No clear-cut examples of the reverse have yet been found. More particularly, once mitochondrial AGT targeting has been lost, it is unlikely to be reacquired (one notable example where this is not the case is found in humans homozygous for a normally occurring Pro 11 Leu polymorphism, which creates a weak MTS sufficient to target approximately 5% of their AGT to mitochondria (Danpure 1997) ). This fits in with the general trend away from carnivory and toward herbivory that characterises mammalian evolution in many lineages.
Although there are similarities between the evolution of AGT targeting in Carnivora and Primates (Holbrook et al. 2000) , there are significant differences too. These differences may reflect differences in the nature of the dietary selection pressure in the two orders. For example, although there has been a general shift away from more carnivorous/insectivorous diets toward more frugivorous/ folivorous diets in Primates, within Carnivora some lineages (e.g., giant panda) have moved in the direction of herbivory, whereas others (e.g., lions, tigers etc) have probably become more carnivorous relative to the ancestral Carnivora. In this respect, it is interesting to note that the PSORT mitochondrial targeting index of the reconstructed ancestral AGT MTSs varies significantly. For example, the PSORT indices for the MTS in the ancestral mammal (sequence at the ancestral node in figure 4A ), the ancestral Carnivora (branch 13 in figure 4A ), and the extant cat (branch 11) are 1.09, 1.49, and 1.79, respectively. This is compatible with increasing carnivory and increasing mitochondrial AGT. The index for the brown bear at 1.49 might suggest a diet and AGT distribution similar to that of the ancestral Carnivora. On the other hand, the index for the giant panda at ÿ1.24 is compatible with a diet much more herbivorous than that of the ancestral Carnivora and much more AGT in the peroxisomes.
As far as AGT targeting is concerned, the main difference between Carnivora and Primates is that AGT is either mitochondrial or mitochondrial þ peroxisomal in the former, whereas it is either mitochondrial þ peroxisomal or peroxisomal in the latter. AGT has yet to be found exclusively in the peroxisomes in Carnivora or exclusively in the mitochondria in Primates. Whether this is related to the rarity of obligate herbivores in Carnivora and obligate carnivores in Primates is unclear.
As far as the molecular basis of changes to AGT targeting are concerned, the main difference between Carnivora and Primates is that whereas mitochondrial AGT targeting is diminished by the accumulation of mutations in the MTS that decrease its efficiency in the former, mitochondrial targeting in Primates has been frequently abolished by loss of translation start site 1 (see Introduction) and permanent exclusion of the MTS from the open reading frame. There is evidence that in one Primate lineage ancestral to the olive baboon and celebes macaque (branch 44 in figure 4A ) mitochondrial AGT targeting has been lost also by the accumulation of mutations in the MTS region, as occurs in Carnivora (but see below).
Although the differential targeting of AGT between mitochondria and peroxisomes is an unparalleled system Molecular Adaptation of AGT Targeting in Carnivora 643 with which to study the ability of mammals, both extant and ancestral, to adapt to changes in dietary selection pressure, the system is not without its technical difficulties that, to some extent, compromise its robustness. First, the sequence responsible for mitochondrial targeting and subject to dietary selection pressure is short (i.e., only 22 amino acids in most mammals). Second, MTSs tend to be conserved at the structural level (positively charged amphiphilic ahelices) rather than sequence level. This not only makes long distance comparisons (e.g., between different phyla) difficult because the sequences cannot be aligned, but also means that the MTS sequence is less well conserved than most of the rest of the protein, irrespective of any dietary differences. Third, to act as a MTS, the region between translation start sites 1 and 2 (see Introduction) must be contained within the open reading frame. This means that not only must translation start site 1 exist, but also transcription start site A must exist. The former can be determined by sequencing genomic DNA, but the latter can only be determined by transcript mapping, a procedure that requires fresh liver tissue. Although this is no problem with laboratory species, such as the rat, mouse, cat, or even human, it is difficult to obtain such material from wild animals, even those in zoos. In the case of at least six Primates (see figure 4A) , it is clear that the MTS is excluded from the open reading frame because the loss of translation start site 1 simply by sequencing genomic DNA (Holbrook et al. 2000) . Equally, it is likely that in all the Carnivora studied, the MTS is within the open reading frame, because not only is translation start site 1 present but also AGT is at least partly targeted to mitochondria in all cases. However, in species where translation start site 1 is still present, yet AGT is exclusively targeted to peroxisomes (e.g., as occurs in the baboon), then difficulties can arise. It so happens that in the case of the baboon its MTS does not work (see figure  6 ) whether it is in the open reading frame or not.
Because the present study is based on genomic DNA, rather than cDNA, the big unknown is what is the relative usage of transcription start sites A and B in the AGT gene (see figure 3A) in the members of Carnivora and to what extent this might influence the intracellular distribution of AGT. The only information currently available comes from studies on the domestic cat (Lumb, Purdue, and Danpure 1994) , in which all transcripts initiate from site A, upstream of both translation start sites 1 and 2. If this occurred throughout Carnivora, then peroxisomal targeting of AGT could be dependent either on leaky ribosome scanning through translation start site 1, with subsequent translation from start site 2 (see figure 3A) , or by a functional weakening of the MTS counteracting its hierarchical dominance over the PTS1 (see Introduction). The molecular determinants of leaky ribosome scanning are unclear, but they might be related to the degree of match of each potential translation start site to the so-called Kozak consensus sequence (Kozak 1986 (Kozak , 1989 . In this respect it is interesting to note that the Kozak sequence found at both 644 Birdsey et al. sites are very similar between the domestic cat and the giant panda, even though the latter targets a greater proportion of its AGT to peroxisomes than does the former. Evidence presented above suggests that a functional weakening of the MTS is the more likely explanation. Molecular adaptation of many other genes to dietary changes must have occurred during the evolution of mammals. However, surprisingly few examples have been demonstrated to result in functional changes to the gene product or to be the result of positive selection pressure. A notable and prototypical exception is that of lysozyme that has evolved independently in langurs (Primates) and Artiodactyla to survive the rigours of a nutritionally poor folivorous diet and the necessity of foregut fermentation (Stewart, Schilling, and Wilson 1987; Messier and Stewart 1997) . Unlike lysozyme, however, the relationship between AGT distribution and diet is spread across many orders of mammals. If the distribution of AGT is an important determinant of an animal's diet and if, as seems likely, mitochondrial AGT targeting is more easily lost than acquired, then it is not surprising that secondary carnivory is a rare event in mammalian evolution.
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